Introduction
The ultrafast carrier-induced nonlinear response constitutes one of the major assets of semiconductor photonic crystals (PCs) for applications associated with the generation and manipulation of optical signals. Active PCs allow efficient integration and miniaturization of optical functions and can be optimized to operate either with high bandwidths or high wavelength selectivity through sharp optical resonances. In this context, InP PCs are intensely investigated due to their large carrierinduced nonlinearities that are compatible with gain/lasing operation at telecom wavelengths.
All-optical ultrafast switches with chip-integration compatibility and efficient coupling to the external environment are at the heart of high-speed communications. Optical switches based on 2-D photonic crystals (2DPCs) have already been proposed and investigated in III-V semiconductorbased materials in several configurations, including surface-resonant Bloch modes of a nondefective 2DPC, waveguides, and cavities [1] - [9] . The latter are usually coupled by means of end-fire configurations which require microscope objectives. An alternative road, which allows allfibered devices with high coupling efficiency, is the evanescent coupling via a tapered fiber [10] - [13] . By contrast to on-chip waveguiding, this approach is restricted neither by the photonic bandgap nor by the material absorption and allows enlargement of the range of wavelengths for the control and signal beams. Furthermore, it avoids the need for an additional coupling between the on-chip waveguide and an external system. Recently, fast switching capabilities of a PC nanocavity were investigated using an evanescent coupling through a tapered fiber. A $2 ns, ON-OFF switching time was demonstrated [14] . The performance and resolution were limited by the pulse duration and the detection bandwidth, respectively. Indeed, the carrier-induced nonlinear response is expected to allow ON-OFF switching times shorter than 2 ns at least by one order of magnitude [4] . In this paper, we present pump and probe measurements with a 100-fs time resolution for all-fibered and surface pumping configurations in an InP-based 2DPC nanocavity.
Sample and Experimental Setup Description
The 2DPC is a triangular array of air holes lattice etched into a 10 Â 50 m InP-based suspended membrane. The period, the holes diameter, and the membrane thickness are a ¼ 400 nm, d ¼ 176 nm; and 262 nm, respectively. An L3 nanocavity (three missing holes) with the two end holes shifted away by 0.15a [see Fig. 1(a) ] is located in the center of the 2DPC [15] . The InP membrane has a single layer of self-assembled InAsP/InP quantum dots (QDs), whose luminescence at 300 K is centered around 1.55 m. The whole structure, incorporating an InGaAs sacrificial layer under the InP, is grown by metal-organic chemical vapor deposition (MOCVD). We point out that our system contains three different semiconductor structures, all of them potentially contributing to index changes as a function of injected carriers: the (3-D) InP slab, a (2-D) InAsP wetting layer (WL), and the (0-D) InAsP QDs. The wavelengths corresponding to their electronic bandgaps ð g Þ are 0.92, 1.1 and 1.55 m, respectively. Since the wavelength of probe photons is ¼ 1490 nm, the distances in wavelength to each g are 570, 390, and 60 nm, respectively. In Section 5, the contribution of each semiconductor structure to carrier-induced nonlinear effects at the probe wavelength will be discussed.
In what follows, both the characterization of the nanocavity mode and the determination of the temporal response of the switch are performed by evanescently coupling a probe beam (the signal) into the nanocavity through a tapered optical fiber [see Fig. 1(b) ]. The fiber taper (diameter of $1:5 m) is bent (radius of curvature $ 500 m) in such a way that the curved segment approaches the PC. Such U-shape-configuration reduces contact losses (leakage and absorption) outside the PC. Light is injected into the optical taper after propagating through a 7-m-long telecom single-mode optical fiber. The best coupling is obtained when the taper is in contact with the cavity allowing both low contact losses (1.6 dB) and mechanically robust and stable operation with no servo control.
The fibered taper is placed at the center of the cavity using a nano-positioning stage. The polarization angle is changed by means of a fibered polarization controller to optimize the optical coupling. An estimation of the coupling efficiency, calculated from the transmitted signal according to reference [11] , gives 44%, meaning that the high stability of the contact-mode operation is compatible with high coupling efficiency to the cavity mode. In addition to fiber-transmission measurements, the reflected signal upon interaction with the PC cavity is also measured using a 50% fibered coupler connected to the taper [see Fig. 1 (c) and (d)]. Finally, an optical spectrum analyzer is used to spectrally resolve the changes in the transmitted/reflected signals.
In order to achieve sub-ps time resolution that is compatible with electronically induced nonlinear effects, a femtosecond pump and probe technique is implemented. Probe pulses (signal) with 120 fs-duration and 80 MHz-repetition rate are generated by an optical parameter oscillator at around 1490 nm. The average probe power is kept below 250 nW at the input of the taper. By using such broadband pulses to probe the nanocavity mode, we measure an optical resonance centered at 1491.5 nm with a full width half maximum (FHWM) of 0.6 nm, corresponding to a loaded quality factor of Q loaded ffi 2485.
In our experiments, the nonlinear regime is achieved by optically injecting carriers using a 80 MHzrepetition rate, 100 fs-pulse duration Ti:Sa pump source. Pump pulses, emitted at ¼ 810 nm, are absorbed in the InP inducing a carrier population that first relax to the wetting layer bang-edges ð gap $ 1:1 mÞ. As it has been shown elsewhere [4] , this carrier density decreases the refractive index and induces the blue shift of the optical mode. In addition, a slow thermal effect also takes place with a time scale on the order of 1 s [11] . Therefore, only the averaged thermal loading can be revealed by our measurements which, in turn, can fully resolve the ultrafast changes associated with the carrier dynamics. This was accomplished by analyzing the probe reflectivity/transmission intensity as a function of the delay between the pump and the probe pulses. Time delays are obtained by increasing or decreasing the probe path by means of a computer-controlled translation stage. The delay step is 7 fs, and the maximum positive delay that can be reached is 1.3 ns.
The pump is injected either directly by the surface [see 
Surface Pump
The pump beam is focused down via a 50x, long working distance (20 mm), microscope objective to a diameter of 3.2 m (@1=e 2 of the intensity) shining the structure normally to the 2DPC periodicity. As the pump power is increased to 0.98 mW, a 3-nm red shift of the resonance is observed for negative or long positive delays (9 1 ns). This red shift, which is associated with thermal effects, becomes a thermal offset for the linear regime. In the following, all (electronically induced) blue shifts are measured from this offset. Such blue shifts are only observed for positives delays [4] , [14] . Fig. 2 (a) shows the transmitted signal spectra with a pump power of 0.98 mW for different pumpprobe delays. A maximum blue shift of 7 nm is obtained near pump-probe coincidence. This is consistent with the fact that the electronic density and the associated blue shift can be assumed to increase within a time of the order of relaxation time of carriers to the conduction and valence band edges ($1 ps). As the time delay is increased, the blue shift decreases due to carrier recombination. In order to further analyze the temporal behavior and its dependence on the pump power, we measured the spectral shift Á as a function of the pump-probe delay for different pumping powers [see Fig. 2 
(b)].
A decrease of the total recovery time from (90 AE 20) ps to (30 AE 5) ps (measured at 1/e of the maximum) is observed as the pump power is increased from 0.3 mW to 1 mW [see the inset in Fig. 2(b) ]. Both the blue shift and the picosecond time scale are clear signatures of the electronic nature of the nonlinear effect. Furthermore, the decrease of the recovery time with the pump power can be related to nonlinear terms in the carrier recombination process, such as bimolecular recombination [4] , which will be studied in detail in Section 5. The observed rise time is of the order of 4 ps (except for the smallest power). As it was shown in [16] , this time is related to the photon lifetime in the cavity ($2 ps).
One interesting application of such ultrafast behavior is to all-optically control and switch a continuous wave (CW) signal. Carrier-induced switching is thus translated into modulation in time at a fixed probe wavelength. In order to test such effects, 490-W pump pulses are incident from the free space on the surface while the probe is coupled through the taper. The probe is now a CW tunable laser, modulated with 10 MHz repetition rate, pulse duration of 90 ns, and mean power of 235 W. The modulation was implemented to measure the signal contrast. Time traces are measured using a 1.44-GHz bandwidth avalanche photodetector (APD). Fig. 3(a) shows the time trace of the transmitted signal for two different wavelengths. The periodicity of 12.5 ns corresponds to the pump repetition rate. Clearly, in the presence of the pump pulses the transmitted signal drops or increases, depending on whether the probe wavelength is blue or red-shifted with respect to the cavity resonance, respectively. This is summarized in Fig. 3(b) , which shows the variation of the transmitted peak amplitude as a function of the probe wavelength (black) superimposed on the resonance spectrum (red). A contrast as high as 20% is achieved as the probe is slightly shifted but close to the minimum of the resonance [see Fig. 3(b) ]. This is a factor $2 smaller than the contrast of the resonance in transmission, which can be attributed to the limited bandwidth of the APD, resulting in a time convolution of the actual signal.
Fibered Pump
All-fibered switching capabilities are studied by injecting both the 100-fs-long, 810-nm pump pulses and the 120-fs-long, 1490-nm signal pulses into the taper. The pump power at the input of the fiber is fixed to $2.5 mW, whereas the probe is kept below 250 W to avoid probe-induced nonlinearities. Note that these values are measured at the input of the fiber and the actual pump and signal powers near the cavity are lowered due to both contact and propagation losses in the taper. The reflected signal spectrum is represented in Fig. 4(a) for different pump-probe delays. A maximum blue shift of 0.9 nm is obtained for the pump-probe coincidence. The linear resonance in this case is at 1494.3 nm. Although it is difficult to evaluate the actual pump intensity acting in the nanocavity region, an order of magnitude can be estimated from the pumping powers in the two configurations (free space and fiber coupled), giving the same blue shift. Indeed, the blue shift achieved in the fibered pumping configuration ($1 nm) is close to the one obtained in the surfacepumping configuration for a pump power of 0.28 mW [see Fig. 2(b) , ð0Þ]. Therefore, the pumping level in the fibered configuration is equivalent to $0.28 mW shining the surface. As the InP coefficient of absorption at 810 nm is $33% and considering the cavity surface with respect to the excitation surface, the absorbed pump power in the cavity region is reduced to $10 W of the same order of magnitude as in [14] .
We now consider the dynamical features in the fibered configuration. Fig. 4(b) shows the time dependence of the blue shift in the experimental conditions of Fig. 4(a) . The rise time (switch ON) is $20 ps, and the decay time (switch OFF) is (170 AE15) ps. These times are in the picosecond time scale and are attributed to the carrier-induced refractive index change, as previously. However, they are longer compared with the ones measured in the surface-pump configuration. In both cases, the signal is fiber coupled, and there is no measurable effect associated with the signal intensity. Therefore, the increased ON and OFF times can be related to a linear and/or nonlinear dispersion of the pump pulses in the fiber and the taper. In order to verify this, we further investigate the origin of the increase of the ON/OFF characteristic times as follows. First, we implement an autocorrelation measurement of the 100 fs-pulses at the output of a 7-m-long single mode fiber, which is equivalent to the propagation length of a pulse before reaching the taper in the fibered-pump setup. We find that pump pulses of 3 mW are stretched to $7 ps [see the inset in Fig. 4(b) ]. This duration does not significantly change for all the pump pulse energies considered in the switching configuration. Next, we implement a surface pumping configuration with 7 ps-pump pulses duration in the following way: The pump pulses are temporally broaden to $7 ps by taking benefit from the chromatic dispersion after propagating through a 7-m-long fiber and eventually sent to the sample in the same surface-pumping conditions of Fig. 2 . The measured rise and decay times are now $20 ps and (115 AE 20) ps, respectively [see Fig. 4(b) ðÞ] . The rise time is close to the one measured in the all-fiber coupling configuration, whereas the decay time overlaps with the one obtained in the femtosecond surface pumping experiment for the same blue shift: (90 AE 20) ps. This builds confidence on the fact that the stretching of the pump pulses is at the origin of the increase of the ON response. Indeed, by contrast with the 100-fs pump pulse in the surface-pumping configuration, which is shorter than all time scales of the system leading to free carrier relaxation, the 7-ps duration pump pulse is longer compared to the photon lifetime and approaches the fast carrier recombination time. The 20-ps rise time can thus be understood as resulting from the longer pumping pulse driving the system. However, the increase of the decay time in the fibered pump configuration with respect to surface pumping is more intriguing and could be related to a lower carrier density within the WL when pumping through the fiber, as will be discussed in the next section.
Discussion
In this section, we discuss the origin of the ultrafast switching dynamics obtained through femtosecond pump and probe experiments. Since the pump-induced effects shift the resonance to the blue side of the spectrum, the leading nonlinear effect is to decrease the refractive index. Therefore, the nonlinearities in play are mainly of electronic origin, i.e., they come from carrierinduced effects, which turn out to be dominant against (fast) red-shift processes, such as intrinsic Kerr effects. The injected carrier density in the surface pump experiment, as deduced from the experimental conditions, is typically N 2D $ 10 14 cm À2 within the PhC slab, corresponding to an overall 3-D density of N 3D $ 5 10 18 cm À3 injected carriers. Considering carrier diffusion in the InP, which is essentially governed by holes ðD h $ 5 cm 2 =sÞ, carriers are able to reach the wetting layer (WL) in $ ð100 nmÞ 2 =D h % 20 ps; therefore, only a fraction of the total carriers accounting for fast carriers will be eventually captured inside the WL in a time shorter than 20 ps. Such a fraction will be considered as a fitting parameter in our analysis.
We now analyze and compare the carrier-induced effects of each semiconductor structure. For probe photon energies ðhÞ close enough to the bandgap energies (approximately (E g À hÞ=E g G 0:15 for a III-V semiconductor), it has been shown that index change is dominated by band-filling effects [17] , which is indeed the case of the QDs in our system. On the other hand, for very low photon energies with respect to the electronic bandgaps h ( E g , as is the case of the InP, Drude effects are dominant. In the case of the wetting layer (WL), we can expect both band filling and Drude effects contributing to the decrease of refractive index.
The refractive index change due to Drude effects for carrier densities close to transparency values ðN tr $ 10 18 cm À3 Þ can be estimated as large as Án/n $ 0:001 [17] , leading to wavelength shifts of about Á $ Án/n $ 1 nm. Band-filling effects produce stronger refractive index changes for a carrier density N $ N tr , both in bulk materials and in quantum wells (QWs). For instance, in InAsP/InP QWs, we have previously observed Án/n $ 0:01 for carrier densities close to QW transparency ðN 2D $ 10 12 cm À2 Þ [4] , [7] . In the case of QDs, however, the maximum carrier density that can be injected equals the QD density N QD $ 10 10 cm À2 . Taking into account that this remains at least two orders of magnitude below the carrier density in the WL, we can therefore conclude that refractive index change in the QDs, even if all the QD levels are occupied, can be neglected with respect to index change induced by carriers in the WL. Electronic nonlinearities in the QDs could be tested by pumping at a longer wavelength (e.g., 1.3 m) or even through degenerated pump and probe experiments. From now on, we thus consider that the nonlinear carrier-induced effects are produced by a carrier density confined within the WL. Furthermore, we assume that the refractive index change, hence the wavelength shift, can be considered to be a linear function of the carrier density
where Á N is taken constant and N is the 3-D carrier density. Therefore, the dynamics of the wavelength shift ÁðtÞ is considered proportional to the carrier dynamics N(t). We then study the carrier dynamics governing the observed time dependence of the wavelength shift [see Fig. 2(b) ]. Two main recombination processes can be taken into account: a nonradiative recombination process with a time constant nr and a radiative recombination process or bimolecular recombination at a rate BN, B being the bimolecular recombination coefficient, which is expected to play an important role especially for high carrier densities. The corresponding rate equation for N(t) is
We solve (2) analytically for femtosecond pumping. In such a case, carriers relax freely from an initial carrier density Nðt ¼ t 0þ Þ ¼ N 0 injected by the femtosecond pumping pulse centered at t ¼ t 0 , which has already been described as a kick-like pumping process [16] , [18] . Defining Át ¼ t À t 0þ , the solution of (2) reads
The decay time 1=e defined as the time for the decay of the carrier density at 1/e of the initial value, NðÁt ¼ 1=e Þ ¼ N 0 =e, can be readily found from (3) as
Note that in the limit BN 0 ( ð nr Þ À1 we obtain 1=e ! nr , meaning that for small bimolecular recombination rates, the nonradiative decay time is dominant.
Equations (3) and (4) can be re-written in terms of the (experimentally measured) initial wavelength shift ðÁ 0 Þ by evaluating (1) at t ¼ t 0þ , which gives N 0 ¼ Á 0 =Á N . Using this, we have fitted (3) to the experimental data in Fig. 2(b) with the fitting parameters e B, Á 0 and nr , where e B B=Á N . We notice that for the highest pump power P ¼ 0:98 mW, the dynamics of Á almost superimpose to those for P ¼ 0:67 mW, meaning that carrier saturation is playing an important role, and therefore, no additional information can be obtained from the data corresponding to P ¼ 0:98 mW. The excellent quality of the fits can be observed in Fig. 2(b) . We average out the parameter values resulting from fitting the four curves in Fig. 2(b) using a weighted average procedure. Normalized weights are defined assuming an ensemble of four independent measurements with weights w i as usual, i.e., w i ¼ ðe
, where e i is the standard deviation of the ith fitted value. The weighted average
gives h e Bi ¼ ð6:7 AE 1Þ ns À1 Á nm À1 and h nr i ¼ ð0:12 AE 0:03Þ ns, where the errors are given by the weighted standard deviation. The obtained nonradiative recombination time in this system is of the same order of magnitude as in previous measurements of 2DPC samples with InAsP/InP QWs [4] . The accuracy of these two fitted parameters can be tested by comparing the experimental decay times with those obtained using (4) . This is shown in Fig. 2(b) (inset) . It can be observed that the dependency of the decay times on the initial carrier density is well reproduced by (4) with the two averaged parameters h e Bi and h nr i.
In order to relate h e
Bi to the physical coefficient B, Á N has to be found. With this aim, we first calculate the injected carrier density in the WL as a function of (small) pump power, N 0;WL ¼ fT 0 LP/dh p A, where f is the probability of carrier capture in the WL after diffusion, T is the pulse period of the femtosecond pulse-train, L is the membrane thickness, d is the WL thickness ðd ¼ 0:6 nmÞ, h p is the pump photon energy, A is the surface of the pumped region (A ¼ r 2 , with r ¼ 1:6 m), and 0 is the linear absorption coefficient at the pump wavelength ð 0 L $ 0:4Þ. Next, we relate the wavelength shift to the pump power for small P: Á 0 $ 3:2 nm/mW P. As a result, Á N $ ðd/fÞ Â 1.3 10 À14 nm Á cm 2 . Using an already reported value for the bimolecular recombination coefficient in InP-based materials, i.e., B $ 3 10 À10 cm 3 =s [18] , the fraction of the total carrier population within the WL becomes f $ 0.02. Considering that the remaining (1-f) carriers are within the InP, the ratio of the density in the InP to that in the WL is N 0;InP =N 0;WL $ d ð1 À fÞ=Lf $ 0:1, meaning that even for such small fraction f, the carrier density in the WL is one order of magnitude larger than the density in the bulk. This justifies our early assumption that the main contribution of carrier-induced effects comes from the WL. In addition, we point out that the small fraction of the carrier density trapped within the WL in the observation time scale could be explained as a result of the rather slow diffusion time of holes across the membrane estimated above ($20 ps).
As pointed out in Section 4, in the case of the fibered pump configuration, the observed relaxation time of an initial wavelength shift of Á 0 $ 1 nm is $170 ps, whereas that for the same Á 0 in the surface configuration is $90 ps. This could be explained under the hypothesis of a lower carrier density inside the WL in the fibered pump configuration, which might be related to a different pumped volume in this case with respect to free space pumping. Indeed, carriers are mostly injected close to the membrane surface in contact with the taper rather than throughout the whole membrane thickness as in the free space illumination. We can thus expect a smaller fraction of carriers being captured by the WL and, therefore, a weaker bimolecular recombination effect leading to a slower decay time. The fact that a smaller carrier density in the WL for the fiberpumping configuration gives the same Á 0 as in the surface pumping configuration could be explained as an additional blue shift induced by the remaining (1-f) carriers in the InP.
It is worth pointing out that radiative recombination governs carrier dynamics for the highest pumping powers used in this work. In particular, they are responsible for the shortest times that have been observed, that is, on the order of 30 ps, corresponding to the largest carrier densities. Also, since carrier saturation effects appear for P 9 0.7 mW, it can be inferred that for the shortest observed time of 30 ps, a material limit is attained for ultrafast carrier-induced switching processes in this class of systems. Notice that the shortest relaxation times observed here are of the same order of magnitude as those recently obtained in resonantly pumped H0 cavities where carrier diffusion plays a main role in carrier relaxation due to the small optical volume of the H0 cavity [19] .
Conclusion
We have performed time-resolved pump and probe measurements with femtosecond resolution of the optical response of an active 2DPC nanocavity to investigate its switching capabilities. The signal is evanescently coupled through a fibered taper, and the pump is either sent by the surface or through the tapered fiber. The optical pump provides ON/OFF switching of the transmitted or reflected signals with time features associated with the electronically induced nonlinearity. In the case of fiber-coupled pump pulses configuration, an all-fibered stable operation is achieved at the expense of increased ON and OFF switching times up to 20 ps and 170 ps, respectively. These values are still shorter by one order of magnitude than the previously reported ON/OFF switching times [14] . Through fitting the decay time of the nonlinear effect by means of a rate equation for the carrier density, we have explained the origin of the shortest relaxation times (30 ps) as a result of radiative carrier recombination inside the wetting layer. Moreover, we have shown that the increase of the rise time in the all-fibered configuration is a consequence of pump-pulse dispersion in the fiber. This could be pre-compensated at the input of the tapered fiber in order to retrieve the characteristic times measured in the surface pumping configuration, that is, ON times as short as 4 ps. In addition to the switching capabilities, these kinds of PC cavities with embedded QDs could be used as laser sources with ultrafast tunability of the laser mode, taking benefit from the large carrier-induced nonlinear effects in the wetting layer described in this work.
